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VAPOR PHASE OXIDATION OF CHLOROPROPENES 
OVER HETEROGENEOUS CATALYST SYSTEMS 
by 
Tim E . Owen 
Abstract 
Propylene Dichloride (PDC) is a byproduct of several 
Dow processes. The thermal cracking of PDC produces l - ci~ 
chloropropene , I - trans-chloropropene, 2- chloropropene , 
and allyl chloride . By oxidizing the l - and 2-chloropropenes 
to 3- and 2- chloroacrylic acids , respectively, a potentially 
valuable product could be made . 
The chloropropenes, air , and steam were passed over 
various heterogeneous oxidation catalyst systems to attempt 
this oxidation . Contact time was varied between 0 . 0951 to 
0 . 915 sec. Temperature was varied between 275"C to .25"C . 
The air content of the feed was varied between .1 to 75% . 
The chloropropene content of the feed was varied between 
2 . 9% to 5 . 0% . The following supported catalysts were tested 
Co/Mo (3/7) - alumina pellets , CoMoO.- alumina granules , 
CoMo0 4- silica gel , AcNbMo- alumina pellets , two bed catalyst 
MoFeTeRe- MoVGeMo - silica gel , CoMoTe- silica gel, and 
CoMoBi-alumina pellets . 
No chloroacroleins , or chloroacrylic acids were detected 
in the reaction products . In general, no CO and from 5- 15% 
CO 2 was obtained in the reaction products with the alumina 
and si l ica support materials. Oxidation .over the metal 
catalysmproduced 0- 10% CO and 5- 40% CO 2 . Severe carbon-
ization of the s upports with and without the meta l catalysts 
was obser ved at the reaction conditions described above. 
Chloropropenes were found to be unstable, decomposing to 
car bon at 300°C in an empty reactor at a contact time greater 
than 0 . 1 sec . Chloroacrylic acids at a 0.1 sec contact time 
were tested in the reactor over alumina and silica support 
materials at 200°C and above, and found to be unstable with 
regard to decomposition to coke . 
It was conc l uded that the vapor phase oxidation of 
chloropropenes over heterogeneous catalysts to chloroacrylic 
acids is not feasible because of their decomposition to 
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1,2 Dichloropropane (POc) is a fairly large volume by-
product from Dow's glycerine and propylene oxide operations. 
PDC is also produced in the allyl chloride synthesis pro-
cess . PDC has no market value and is bang used as a feed to 
carbon tetrachloride plants . 
PDC has been dehydrochlorinated to allyl chloride (I) in 
accordance with the following equation : 
CH39HCHz-? CH2=CHCH2Cl.CH3CH=~HC1.CH39=CH2+HCl 
CICl Cl 
I II - III 
Liquid phase dehydrochlorination produces 1 and 2 Chloro-
propenes (11.111) which have no market value. Thermal and 
catalytic vapor phase dehydrochlorination processes have 
also been examined. The catalytic process suffers from 
excessive coking of the catalysts which rapidly decreases 
the catalytic activity. Despite the high temperature 
required , the thermal cracking of PDC appears to be the best 
choice for producing allyl chloride and chloropropenes . The 
PDC cracking catalysts studied to date produce an excessive 
amount of coking which would cause process yields to 
decrease with time in addition to creating a reactor 
cleaning problem . 
The thermal cracking of PDC produces the following 
compounds listed in Table 1. 
TABLE 1 
Pyrolysis Products of 1, 2 Dichloropropane (500°C) 
Compound 
allyl' chloride 








22 . 7 
77.0 
2 
Of these compounds the 1,2 dichloropropene could easily be 
separated from the mixture . Allyl chloride could be 
separated from the lighter boiling 1- and 2-chloropropenes . 
With further purification the allyl chloride could then be 
sold. The mixture of chloropropenes would be difficult to 
separate and a use for this product mixture which would 
avoid the separation problem would be attractive. 
Separation of Chloropropenes 
The light boiling chloropropenes could be separated by 
distillation. Howeve~ chloropropenes tend to polymerize 
above 70°C creating the possibility of plugging problems in 
the distillation tower . 
The solubilities of the chloropropenes as shown in 
Table 2 rule out liquid-liquid extractions. 
3 
TABLE 2 
Solubilities of Light Boiling Chloropropenes 
Compound Water Alcohol Ether Benzene Acetone Chloroform 
l - cis-
chloropropene i s s s s 
l - trans-
chloropropene i s s s s 
2- chloropropene i s s s s 
All of the organic phases are solu~ in each other preventing 
a partition between two phases . 
The chloropropenes could be separated by a cryogenic 
fractional crystall i zat i on . The melting pOints of the 
chloropropenes are given in Table 3 . 
TABLE 3 
Melting Points of the Chloropropenes 
Compound 
l - cis- chloropropene 
l - trans- chlor opropene 
2- chloropropene 
Melting Point 
- 134 . 8 
- 99 . 0 
- 137 . 4 
The l - cis- chloropropene and 2 ch l oropropene could poss i b l y be 
crystallized out of solution together l eaving the l - trans-
chloropropene behind . The l-cis- chloropropene and 2-
chlor opropene could then be separated by distillation . 
Phase diagrams of thi s system would need to be determined 
to confirm this scheme . 
The separation of the chloropropenes by distillation , 
or by crystallization and distillatio~ will require a large 
4 
capital expenditure, and large operational costs, thereby 
making the chloropropene separation process economically 
unattractive . Consequently, the development of a process for 
converting the crude chloropropene mixture into a more 
valuable and easily separated product mixture appears to be 
the only viable solution . 
Chloropropene Oxidation Process and Product Value 
By passing the chloropropene mixture over a propylene 
oxidation catalyst it may be possible to produce the respec-
tive chloroacrylic acids . Polymers have been formed from the 
haloacrylic acids as well as their esters. Methyl- 2- chloro-
acrylate has been polymerized to form scratch resistant 
materials. l 
Methyl-2 - chloroacrylate is prepared by chlorinating 
methyl acrylate to form methyl 2,3 dichloropropionate 
o 0 
J I I, 
CH2=CCOCH3+C12--,' · CH2CHCCCH3 
H Cl cl 





Dehydrochlorination catalysts such as sodium carbonate, or 
carboxylic acids can be used. The reaction is carried out 
5 
under nitrogen with no light and with polymerization 
inhibitors. Crude methyl 2- chloroacrylate is recovered by 
steam distillation . Yields of 85 . 90% have been obtained. 2 
Hydrochlorination of chloroacrylic acids forms 
dichloropropionic acids 
CH2=c8oH + HCI ~ CH2CH~OH 
Cl CI CI 
The 2- and 3-chloroacrylic acids would give different 
dichloropropionic acids . After forming the methyl dichloro-
propionates , the chloroacrylates could be formed as outlined 
above . 
Methyl 3 - chloroacrylates may have useful properties as 
polymers similar to the 2-Chloroacrylate polymers . 
Separation of Oxidation Products 
Table 4 lists the products anticipated from the vapor 
phase oxidation of the chloropropene mixture . A possible 
separation scheme for the product stream is as follows . The 
light gaseous products including CO , CO 2 , 02' N2 , ethylene, 
vinyl chloride, and propylene could be separated easily from 
the rest of the product stream. These gases could then be 
disposed 'of by incineration. The separation of the chloro-
propenes as a group from the remaining product stream and 
among themselves was described above. 
At this point the product stream would only contain the 
chloroacroleins and chloroacrylic acids. The chloroacroleins 
TABLE 4 
Properties of Compounds in Chloropropene Oxidation Stream 
Melting Boiling Solubilities 
Group Compound Point Point , Carbon 
(0 C) (OC) Water Alcohol Ether Acetone Benzene Tetrachloride 
Gases CO - 199 -191.5 
CO2 - 56.6 - 78 . 5 
°2 -218.4 -183.0 
N2 - 209 . 9 -196.0 
Ethylene -169.15 -103.71 
Vinyl 
Chloride -153 . 8 - 13 . 37 
Propene -185.25 - 47.4 
Chloro- l - cis- -134 . 8 32 . 8 i s s s Chloroform 
propene l - trans- - 99 37.4 i s s s Chloroform 
2- -137.4 22.65 i s s s Chloroform 




2- v s 
Chloro- 3-cis- 63- 4 107(P.5)s s s i 
acrylic 3-trans- 86 94 (18) s .s s i 
acids 2- 165sb 176-81d s s s i 
Water Water 0 100 s s 
Solvent Carbon 
Tetra- - 23 76.8 s 
chloride 
(}\ 
i = insoluble; s = soluble; sb = sublimes; d = decomposes 
7 
cx"i.d b e separated from the chloroacryl1c acids by dissolving 
them in carbon tetrachloride , and removing the insoluble 
chloroacrylic acids . If desired the chloroacroleins could 
be obtained by disti l lation of the carbon tetrachloride 
solution . 
The ch l oroacryl1c acids could" be heated to 70 0 C and the 
crystals of 3- trans- chlor oacrylic acid removed . The 2-
chloroacryl1c acid and 3- cis - chloroacryl1c acids could be sepa-
rated by distillation completing the separation of the 
product stream. Phase diagrams of the chloroacrylic acid 
system would be needed to confirm this scheme . The general 
separation scheme outlines the difficulties which will be 
faced in purifying the product stream of the vapor phase 
reactor. 
Summary of Problem 
PDC can be thermally cracked to l - cis- chlorop r opene , 
l - trans- chloropropene , 2- chloropropene , and allyl chloride . 
At the present time the ~ and 2- chloropropenes have no market 
value . Therefore, the objective of this research project is 
to develop a process for converting the I- and 2- chloropro-
penes into their respective chloroacrylic acids . Polymers of 
the methyl esters of these potentially valuable aCids have 
shown promise in the production of scratch resistant 
plastics . 
• 
II. THEORETICAL ASPECTS OF THE CHLOROPROPENE 
OXIDATION PROCESS 
8 
In the complete vapor phase oxidation of propene it is 
believed that the propene is oxidized first to acrolein . 
Acrolein is then oxidized to acrylic acid, and the acrylic 
acid is oxidized to CO and CO 2 , This degradation involves a 
loss of enthalpy at each of these steps. 
However, by controlling the contact time, temperature, 
feed ratio, and catalyst composition, it is possible to stop 
the reaction at the aldehyde and acid stages . It is hoped 
that a similar set of conditions and catalyst composition 
exists whereby the oxidat ion of the chloropropenes can be 
stopped at the aldehyde and acid stages . 
Steam is frequently injected into the oxidation feed 
streams. It is used as a dilutent in addition to its acti-
vating affect on many different types of catalysts. In 
addition, steam in the reaction mixture often affects the 
product composition. 
The use of low oxygen concentrations tends to minimize 
the formation of carbon oxides with respect to the aldehyde 
and acid . However, if the aldehyde and acid are thermally 
unstable in the vapor phase they will decompose. If 
insufficient oxygen is present carbon will be produced during 
this decomposition. Under such conditions carbon will build 
9 
up on the catalyst during the course of the reaction with a 
resultant loss in its activity . 
The yields of chloroacrylic acids based on the 
chloropropenes in the feed stream can be determined experi-
mentally. The dependence of these yields on contact time, 
volume per cent of chloropropenes in the feed, volume per 
cent of water in the feed and temperature can then be 
measured. This should be done for different catalyst 
systems, so that an evaluation of the optimum conditions for 
the production of the desired compounds can be made. The 
screening of catalysts can be further simplified by the use 
of the pivot point technique illustrated below. 
5% Chloropropenes i 
Pivot Point 
350°C 





----~~ 1 sec 
Illustration 1: Pivot Point Technique for the Screening of 
Catalysts in the Vapor Phase Oxidation of 
Chloropropenes. 
10 
The values of the pivot point are held constant while only 
certain values are varied. Note that the air volume per cent 
varies inversely with the water volume per cent. The par-
ticular values illustrated were used in this study and are 
similar to values given in the literature for the production 
of acrylic acid by the vapor phase oxidation of propene. 
A thermodynamic analysis of the vapor phase oxidation 
is given in Appendix A. The problems associated with 
determining the kinetic constants are discussed in Appendix 
B. 
• 
III. REACTOR DESIGN AND OPERATION 
Reactor Equipment and Design 
11 
The reactor design used in this study is given in 
Illustration 2 . Air at a pressure of 0 . 3 psi was intro-
duced through a Fischer Governor Type 67 pressure reducer. 
The rate of air flow was measured by a Kontes 4c rotameter. 
Water was pumped to the steam generator by a Harvard Model 
600- 900 syringe pump. Chloropropene was introduced as a gas 
by heating a liquid chloropropene sample contained in a 
Type 316 stainless steel pressure bottle. The chloropropene 
flow was controlled by a Brooks rotometer tube size R2 - IS-
AAA. The chloropropene - air- steam mixture was preheated to 
reaction temperature prior to enter1ng the reactor . The 
reactor consisted of a 3/8 in . I . D. Monel tube, 4 in . in 
length . Heat and temperature control was maintained by 
using heating tapes. Total gas flow from the reactor was 
measured after condensation of the liquids with an American 
Test Company wet test meter . 
Samples for COx analysis were taken through a septum 
in the reactor exit stream with disposable 1 cc syringes. 
Samples for chloropropene analysis were taken with dispos -
able 1 cc syringes through the septum . Liquid samples were 
taken at the end of a run with a 100 ml Hamilton syringe 
A 
L2 L3 
D ~'~~-:2V7l~1 '--__ I - ~ 1 L L~ 
C 
~Ll F HGI c:J-
I 
[ J I K~ K P 
Illustration 2 : Chloropropene Oxidation Apparatus 
A. Chloropropene Bottle 
B . Chloropropene Pressure Gauge 
C. Chloropropene Valve 
D. Chloropropene Rotometer 
E. Catalyst Reactor 
F. Exist Gas Scrubber 
G. Gas Sample Septwn 
H. Wet Test Meter 
I . Syringe Pump 
J . Air Supply 
K. Air Rotometer 





cleaned in a Hamilton H76610 syringe cleaner . 
Reactor Operation 
After loading the catalyst into the reacto~ a water 
scrubber containing 20 ml of water and 0.1 grams of hydroqui-
none polymerization inhibitor was attached to the exit side 
of the reactor. The entir e assembly was then pressure tested 
to check for leaks . 
To begin a test run, air was turned on and the compo-
nents of the system were brought up to temperature. The 
chloropropene rotometer and sample bottle was heated to 
48 . 5°C. At this temperature the chloropropene bottle 
registered a pressure of 15 psi pressure . The steam genera-
tor was heater to between 150 to 200°C. The reactor pre-
heated was set at 50°C less than the reactor temperature . 
The reactor exit line temperature was kept above 250°C. The 
water pump was adjusted to give the proper rate of injection 
and the system was allowed to stabilize . After the tempera-
ture stabilized chloropropene injection was begun and the 
timer started. 
At the end of the ru~ the scrubber tube was disconnected 
and the timer stopped. The chloropropene flow was shut off 
first and then the syringe pump. 
To decarbonize a catalyst, the reactor was heated in a 
Lindberg oven at 600°C for 1500 seconds where it was found 
that complete decarbonization could be achieved . 
14 
• 
IV. ANALYTICAL METHODS AND Th~ru1AL ANALYSIS OF ACIDS 
Gas Chromatography Methods 
N2 , 02' CO, and CO 2 concentrations from the chloropro-
pene oxidation were measured on a 9 ft . , 100/120 mesh 
Carbosieve B 1/8" stainless steel column (Supelco). The 
column was mounted in a HPS830A gas chromatograph . A helium 
carrier gas flow of 30 ml/min was used in conjunction with a 
thermal conductivity detector. Temperature programming was 
used with an initial temperature of 3SoC held for 4 minutes 
and a program rate of 30°C/min with a final temperature of 
l7SoC held for 2 minutes. The injector temperature was 
2S0oC and the detector temperature was 200°C. Linear cali-
bration graphs were obtained for each component . The column 
was conditioned at 2S0oC when not in use . 
The chloropropenes were analyzed at 120°C on a 3 foot 
3% phosphated Poropake Q (Waters Associates), 1/8" stainless 
steel column . The chloroacroleins and chloroacrylic acids 
were analyzed at l8Soc on a separate 3 ft . 3% phosphated 
Poropake Q 1/8" stainless steel column. Both columns were 
mounted in a HPS7l0A gas chromatograph with a HP3380 inte-
grator. A helium flow of 20 ml/min was used in both columns . 
The injector and detector were set at 2S0oC. The columns 
were conditioned at 21SoC for 3 hours . Hydrogen flow was 
15 
21 ml/min and air flow 91 ml/min. Linear calibration graphs 
were obtained for the chloropropenes and chloroacrylic acids. 
A chloroacrolein standard could not be obtained due to 
decomposition of the compound. 
Ghosting of the acids occurred, however the problem was 
minimized by using standards containing very low levels of 
acids . The use of formic acid vapor in the carrier gas ll 
was tried but the vapors destroyed the flow control valves 
in the gas chromatograph and the practice was discontinued. 
The chloroacrylic acid eluted in 10 minutes and 
contained 1% or less impurities. The chloropropenes were 
separated in 10 minutes. Separate chromatographs of l - cis -
chloropropene and l - trans - chloropropene (Aldrich Chemical 
Co . ) were obtained . Both samples were 99.9% pure. 
The gas samples of the chloropropenes were prepared by 
vaporizing a sample of l - chloropropene in a small sealed 
vial, with a rubber septum cap . These samples were diluted 
with air to form a range of concentrations. These standards 
were used in constructing the calibration graphs for each 
l - chloropropene . 
Different samples of the chloropropene mixtures heated 
to 49.5°C were used to construct a calibration graph for 
the chloropropene mixture. By subtracting the moles of 
l - chloropropenes from the moles of mixture the moles of 
2- chloropropene were obtained. The 2- chloropropenes cali -
bration graph constructed in the manner given was linear. 
16 
The 3% phosphated Poropake Q column was prepared by 
adding to a flask, in order , 36 ml water, 100 ml 95% ethanol, 
and 0.195 g phosphoric acid . After mixing 6 . 49 grams of 
Poropak Q was added and the mixture stirred for 30 minutes. 
The water and ethanol was removed with a Rotovapor and the 
pOl-lder dr ied in an oven at 110°C for one hour. The column 
was packed and conditioned overnight at 220°C. 
Results of Thermal Analysis of the Chloroacrylic Acids 
The thermal stability of the chloroacrylic acids was 
studied on a DuPont 990 Thermal Analyzer . Glass beads were 
used in the reference cell. A heating rate of 50°C/min was 
used. A sample of 2 chloroacrylic acid heat~d from 30 to 
~OooC in a nitrogen atmosphere exhibited endothermic depres -
sions near the melting and boiling pOint. Examination of 
the sample indicated that it had turned to a brownish- black 
color upon heating . When 2 chloroacrylic acid was heated in 
air, endothermic peaks near the melting and boiling pOints 
and a broad exothermic curve from 30° to 400°C were observed. 
The sample again turned to a brown black color . 3-trans-
and 3-cis-chloroacrylic acids were each separately heated in 
air as before and they both produced endothermic peaks at 
t heir melting and boiling points. Both compounds turned to 
a brown black color . 
The acids were each heated in sealed glass capillaries 
t o prevent vaporization in an open air atmosphere . Care was 
17 
taken not to burn the sample while the tube was being sealed . 
The samples were heated separ ately from 30 to 300°C on the 
the r mal analyzer . These samples a l so tUrned to a brown- black 
color . 2- chloroacryli c acid produced a definite exothermic 
curve. 3- cis- and 3- trans- chloroacryl i c acids produced 
slight exothermic curves . ~owever , a rer un on the r e sidue 
f r om t he 3- cis-chlor oac ryl i c acid sampl e pr oduced no t h ermal 
activ i ty . 
• 
v. CATALYST PREPARATION AND DESIGN 
Review of Heterogeneous Catalysts in General 
18 
Many catalysts for the oxidation of propene to acrylic 
acid have been developed. In attempting to choose the most 
promising catalyst for oxidizing the chloropropenes , several 
factors should be considered. For example, if chloropro-
penes are susceptible to thermal decomposition then a less 
active catalyst under gentle conditions would be indicated . 
On the other hand , if chloropropenes are resistant to oxida-
tion a more active catalyst with harsher conditions would be 
required . Since the degree of resistance to oxidation of 
the chloropropenes was not known, a number of different 
propene oxidation catalysts were tried. 
Heterogeneous Catalysts Chosen From the Literature 
The Chemical Abstracts were reviewed from 1937 to 1975 
to obtain an adequate heterogeneous catalyst . No mention of 
the vapor phase oxidation of chloropropenes was found in the 
chemical literature, so a search of the various acrylic acid 
catalysts was made . Hundreds of acrylic acid catalysts have 
been reported in the literature in the last ten years . From 
these catalysts, the catalysts chosen for screening based 
upon this literature review,are listed in Table 5 along with 
TABLE 5 
Acrylic Acid Catalysts Selected from the Literature 
Catalyst 
Composition 









AsNbl~o6 8 . 7 
Bed 1 MOFeTeRJ 10 . 8 
Bed 2 MoU GeMn 
13.0 52 . 2 
8 
COM004 
4 . Moro- Oka 
11 
8.6 34 . 6 
111 44 
6 . Campbell, Tennessee Eastman 
7. Lane , Dow Chemical 
8 . Ondrey , Shell 












81.5 51. 2 
20 . 0 10 . 1 




3 . 3 
2 . 4 





their reaction conditions. In addition to these catalysts 
a cobalt/molybdenum/bismuth catalyst was tested . The Co - Mo 
system is an example of a low activity catalyst where only 
a 2- 4% yield of acrylic acid is obtained from the oxidation 
4 
of propene . Moro-oka prepared this catalyst by forming 
pellets of the metal oxides . I n this chloropr opcne project 
the metals were supported on &lwn1na o r s il ica supports . 
Metal oxides d·eposited on supports have a larger surface 
area than pellets of the metal oxide. The large surface 
area increases the activity of the catalyst. Catalyst 
supports such as alumina or silica also have a tendency to 
both polymerize and crack unsaturated hydrOCarbons. 5 How-
ever , with a dilute feed the polymerization can be minimized. 
But , as discussed below cracking of the chloropropenes could 
not be completely avoided . 
The As/Nb/Mo catalyst reported by CamPbel16 yields 10% 
acrylic acid in a single pass making this catalyst more 
active than the cobalt - molybdate system. Campbell prepared 
pellets of the catalyst by dehydrating a gel of the metallic 
compounds. Campbell added arsenic to the catalyst by 
introducing arsenic to the feed stream. 
The two bed catalyst 7 is an example of a highly active 
acrylic acid catalyst . In a two bed catalyst the first bed 
converts propene to acrolein , and the second bed converts 
acrolein to acrylic acid. By placing the two catalyst beds 
21 
in proper order a highly active catalyst system i s obtained 
for producing acrylic acid . 
S Ondrey , et al . , discovered that tellurium acts as a 
promoter to a cobalt molybdate catalyst when it is used in a 
concentration of about 2% in the catalyst . Ondrey prepared 
this catalyst as a pellet . Castellan, et al.,9 reported 
that at low concentrations of tellurium «10%) on a silica 
support, cracking products were suppressed by the formation 
of surface tetrahedral, Te IV complexes . Similarly, by 
supporting the Co/Mo/Te catalyst on silica it is hoped that 
the cracking of chloropropene can be minimized while still 
producing a high activity catalyst . 
Acry l ic acid catalysts are grouped into three classes 
of catalysts . Class A catalysts are for the oxidation of 
propene to acrolein. Class B catalysts are for the oxida-
tion of propene to acrolein and acrylic acid, and class C 
catalysts are for the oxidation of acrolein to acrylic acid . 
Examples of catalysts in these classes are given in Table 6. 
A modification of the two bed catalyst technique would be 
to combine a class A catalyst with a class C catalyst on a 
single support surface . 
TABLE 6 






Propene to Acrolein 
Propene to Acrolein and 
Acrylic Acid 










Moro_oka lO gives a Co/Mo ratio of 3/7 as producing a 
maximal amount of acrylic acid in the vapor phase oxidation 
of propene over a catalyst composed of a mixture of cobalt 
and molybdenum oxides. A bismuth molybdate catalyst with a 
composition of Bi 20 3
- M00
3 
selectively converts propene to 
acrolein. Combining these two catalysts on a single support 
surface may produce an active catalyst for production of 
chloroacrylic acid, thereby eliminating the need for a two 
bed catalyst system. 
Incipient Wetness Method 
The incipient wetness method was used in the project 
for depositing catalytic active metals on a support. In 
this method a solution containing the material to be impreg-
nated is added drop by drop to the support material until the 
wet point of the support is reached. At the wet point the 
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support i s moist but no excess solution is visible . The 
support is dried and the remaining solution containing the 
catalyst component 1s added or other new components are 
added in a similar manner . One or more components may be 
added with the same solution , if they do not react with 
each other . 
Preparation of CoMo Catalysts 
The first cobalt molybdenum Co/Mo(I) catalyst used in 
this study was prepared by di ssolving cobaltous nitrate 
(CO(N0 3 )2 6 H20)(13 . 3 grams) (Baker) in 41 ml of water. 
29.1 ml of this solution was added to 91 . 7 grams of 1/8" 
alumina pellets (MCB) giving a Co/Mo ratio of 1: 1 with 
7 . 7 weight per cent metal content. The catalyst was dried 
overnight at 120°C . The catalyst was conditioned at 350°C 
for 2 hours with a feed of 40 . 7% air and 59 . 3% water at a 
contact time of 2 . 3 seconds . 
The second cobalt molybdenum catalyst Co/Mo(II) was 
prepared with 1 : 1 Co to Mo ratio . This ratio results in the 
formation of cobalt molybdate (CoMo0 4). Cobalt molybdate is 
believed to be the active component in Co- Mo systems . 
Cobaltous nitrate (21 . 36 g) and ammonium heptamolybdate 
(12.98 g) were dissolved in water . The solution was added 
to 64.3 grams of 8- 14 mesh alumina . The catalyst was dried 
overnight at 120°C. The catalyst was cqnditioned at 400°C 
with a feed of 40 . 7% air and 59 . 3% steam at a contact time 
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of 1.8 seconds for two hours . The catalyst contained 
15 weight per cent metals. 
The third cobalt molybdenum catalyst Co/Mo(III) was 
prepared by dissolving cobaltous nitrate (21 . 43 g) and 
ammonium heptamolybdate (12.96 g) in water. The solution 
was added to 56.82 grams of 6-16 mesh silica gel . The 
catalyst was dried overnight at 120°C and conditioned like 
Co/Mo(I) . This catalyst contained 6.7 weight per cent 
metals. 
Preparation of AsNbMo Catalyst 
The ASNbMo catalyst was prepared by dissolving ammonium 
heptamolybdate (18.0 g) in 35.4 ml of water. 31.7 ml of the 
solution was loaded on 8-16 mesh alumina (101 . 6 g). The 
support was then dried at 120°C overnight. Niobium penta-
chloride (NbC15)(27.56 g)(ROC/RIC) was dissolved in 20 ml 
of concentrated HCl diluted with 20 ml of water and then 
added to the support. Arsenic oxide (As 20 3
)(2l . 88 g)(MCB) 
was dissolved in 40 ml of concentrated hydrochloric acid, 
and added to the support . The catalyst was dried at 120°C 
for 3 days, and conditioned at 250°C with 100% air feed at a 
contact time of 6.9 seconds. The atomic ratio of the 
catalyst was AS 305 Nb 336 Mo300 
27.1 weight per cent . 
with a metal content of 
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Preparation of Two Bed Catalyst 
To prepare the first bed of the two bed catalyst system , 
ammonium molybdate (20 . 64 g) was dissolved in water and 
added to 6- 16 mesh si l ica gel (28 . 41 g) . Ferric nitrate 
(Fe(N03)3 · 9H20)(2 . 913 g)(MCB) was disso l ved in water and 
added to the support . Te l lurium dioxide (Te02)(0 . 389 g) 
(MCB) was dissolved in 10 ml of hydrochloric acid and added 
to the support . Perrhenic acid (HRe04)(0 . 00121 g)(ROC/RIC) 
was dissolved in water and added to the support . The support 
was dried at 140°C after each metal addition. This prepara-
tion gives an atomic ratio of M01250Fe75Te32Rel at a 30 . 0 
weight per cent metal content . 
To prepare the second bed of the two bed catal yst , 
ammonium molybdate ( 16 . 89 g) was dissolved in water and 
added to 6- 16 mesh silica gel (28.41 g) . Ammonium meta 
vanadate (NH 4V0 3
)(4 . 119 g)(MCB) was dissolved in hot water 
and added to the support . Manganese nitrate (Mn(N0
3
)2) 
(2 . 583 g)(MCB)(50% solution) was added to water and the 
resulting solution added to the support. Germani um dioxide 
(Ge02)(0 . 6002 g)(ROC/RI C) was slurried in water , and added 
to the support . Thi s separ ation gives an atomic ratio of 
M022v4 . 3Gel . OMnl.9 at a 30% loading of the metals on a silica 
support . The two bed catalyst was loaded in the reactor and 
calcined at 500°C with a 46 . 5% air and 53 . 5% steam feed at a 
1 . 8 second contact time based on the total catalyst bed . 
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Preparation of CoMoTe Catalyst 
The CoMoTe catalyst was prepared by cobaltous nitrate 
(21 . 43 g) in water and adding the solution to silica gel 
(56 . 82 g) . Ammonium molybdate (12.98 g) and tellurium 
dioxide wer e dissolved separ atel y in concentr ated hydr o -
chlor ic ac i 4 diluted by water and added to the support. The 
catalyst was dried overnight at 140°C . The catalyst was 
conditioned with a ~7% air and 53% steam feed at 450°C at a 
contact time of 1 . 7 seconds for one hour . This preparation 
gives 18 . 3% metal content at a 1 . 69% tellurium concentration . 
Preparation of CoMoBi Catalyst 
This catalyst was prepared by dissolving ammonium hepta 
molybdate (9.31 g) in water and adding to 1/8" alumina 
pellets (98.6 g) . Cobaltous nitrate (6 . 38 g) was dissolved 
in water and added to the support . Bismuth nitrate (Bi(N0
3
)3 
· 5H20)(5 . 09 g) (Fischer) was dissolved in 10 ml of concen-
trated nitric acid and diluted with 40 ml of water . This 
solution was added to the support . The catalyst was dried 
at 110°C. The catalyst was conditioned with a 47% air and 
53% steam feed at 450°C with a contact time of 1 . 9 seconds 
for one hour . This preparation gives an atomic ratio of 
COl . 29M05.06Bi2 . 19 with an 8 . 0 weight per cent metal content . 
The atomic ratios are Bi/Mo 2/1 and Co/Mo 0 . 45 . 
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Summary of Catalysts Prepared 
A summary of the catalyst prepared in this project are 
given in Table 7. 
TABLE 7 
Catalysts Prepared for This Study 
Metals % Metal Content Support 
Co/Mo(I) 7.7 Alumina 1/8" pellets 
Co/Mo(II) 15.0 Alumina 8-14 mesh 
Co/Mo(III) 16.7 Silica 6- 16 mesh 
AsNbMo 27 .1 Alumina 1/8" pellets 
MoFeTeRe-MoVGeMn 30.0 Silica 6-1 6 mesh 
30.0 Silica 6-16 mesh , 
CoMoTe 8.0 Silica 6:'16 mesh 
CoMoBi 16.7 Alumina 1/8" pellets 
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VI . RESULTS AND DISCUSSION 
Catalyst Carbonization 
To determine the extent of carbonization on the 
catalysts, 1100 second runs were made with gas samples being 
analyzed at 300 and 1000 seconds . The CoMoTe catalyst was 
chosen for this test. The catalyst was decarbonized between 
runs with an air feed at 600°C for 1500 seconds. Complete 
decarbonization was indicated by the lack of CO and CO 2 in 
the exit gas , and the absence of carbon on the catalyst. 
The data from this test are given in Table 8 . The 
nitrogen balance shows an overal l 8% error in the material 
balance . No chloroacroleins or chloroacrylic acids were 
detected in the reaction products . 
Carbonization affects catalyst performance as 
evidenced by an increase in CO 2 production with time, while 
the CO production remains constant. The carbon yield 
changes with time changing the catalyst activity as the 
catalyst beco~es coated with carbon , thereby changing the 
chloropropene conversion . 
Thermal Stability of the Chloroacrylic Acids 
at Run Conditions 
The stability of the chloroacrylic acids at the reaction 
conditions were determined as outlined below. A new reactor 
, 
TABLE 8 
Catalyst Carbonization Test Data (CoMoTe- Si1ica 6- 16 mesh) 
• 
Sample Contact Feed ComEosition 
Test Temperature Time Time % Ch1oro- Nitrogen Carbon 
Run (DC) (sec) (sec) Eropenes ~ Air ~ Steam Balance Balance* 
A 390 300 1. 94 4.1 45 . 1 50 . 8 8. 2 
B 418 300 1. 83 4.0 45.2 50.9 12 . 6 
C 440 300 1. 81 3 . 8 45.2 51.0 13 · 5 
D 500 300 1. 67 4 . 0 45 . 1 50 . 9 13.8 
A 390 1000 1. 94 4 . 1 45.1 50.8 8 . 8 15 . 4 
B 418 1000 1.83 II. 0 45.2 50 . 9 -7.4 15 . 6 
C 440 1000 1. 81 3 . 8 45 . 2 51.0 +0.4 24.5 
D 500 1000 1. 67 4.0 45.1 50 . 9 - 1. 5 38 . 9 
1- cis- ch1oro- 1-trans-ch1oro- 2- ch1oro-
Test CO CO2 Carbon propene propene propene 
Run Conversion Yield Yield Yield Conversion Conversion Conversion --
A 96 . 6 0 . 40 4 . 06 95.5 97.7 97 .1 84 . 9 
B 94 . 0 1.22 4 . 14 94 . 7 95 . 2 98.5 74 . 5 
C 98 . 8 3.21 10 . 53 86 . 2 99 · 3 99.8 94 . 3 
D 97 . 6 1.26 8 . 74 90 . 0 94.6 98 . 2 98 . 5 
A 99 · 5 0 . 39 14 . 1 85 . 5 100 100 96 .4 
B 95 . 6 1.39 9 . 01 89.6 95.2 98.5 83 . 5 
C 99 . 5 3 . 19 18 . 5 78 . 3 99 . 6 100 97 . 5 
D 96 .1 6.48 34 . 86 58.7 98.5 99 . 3 95 . 5 
I\J 
* Carbon Balance = (Moles Carbon Compounds Detected In I Moles Carbon Fed)XIOO. '" 
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similar in design to the catalyst reactor was used so as to 
prevent the contamination of the system with acids . 
0.5 ml samples of 0 . 05 g/ml H20 solutions of each acid 
were slowly injected into the reactor preheater . The pre-
heater vaporized the samples and preheated them to 230°C . 
The reactor temperature was maintained at 300°C . A feed 
stream of 63% steam and 37% air at a 0.1 second contact time 
was passed through the reactor during this time period. The 
rate of decomposition of the chloroacrylic acids was deter-
mined in an empty reactor , on 6- 16 mesh silica gel, and on 
8- 14 mesh alumina. The results are given in Table 9. 
TABLE 9 
Per Cent Chloroacrylic Acids Surviving 
Reaction Conditions (300°C) 
Silica 6- 16 mesh 

















Visual inspection confirmed that all the supports were 
carbonized . The results show the need to use low contact 
times of 0 . 1 to 1 second during the vapor phase oxidation 
if the chloroacrylic acids are to survive the reaction 
conditions. 
The test was repeated at temperatures of 200°C and 
280°C with the most stable acid, 2- chloroacrylic acid, 
to determine the effect of react i on temperature . An empty 
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reactor was not tried at these conditions due to difficulty 
in controlling temperature . However 6- 16 mesh silica gel 
and 8- 14 mesh alumina were tested . The results are shown 
in Table 10 . 
TABLE 10 
Per Cent 2 Chloroacrylic Acid Surviving 
at 200°C and 280°C 
% 2-Chloroacrylic Acid 
Silica 6- 16 mesh 
Alumina 8- 14 mesh 
o 
o 
Again the support materials became carbonized and none 
of the chloroacrylic acids survived the reaction conditions . 
However in spite of this observed inherent instability in 
the chloroacryllc acid systems , continued attempts were made 
to try and produce these materials by a catalytic vapor 
phase oxidation . 
The justification being that the metal content on the 
supported materials might alter the tendency of these 
materials to promote the cracking of the aCids . 
Catalyst Test Method 
In order to minimize the decomposition of the 
chlorocornpounds , short contact times are required . It was 
also shown earlier that even at short contact times carbon -
ization occurs and significantly affects catalyst 
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performance. In order to evaluate the performance of these 
catalysts as they change from a clean surface to one with 
a significant carbon content the following test run condi-
tion sequence was used. The catalyst was decarbonized, if 
necessary before each sequence, but not inbetween each test 
run . Three hundred second test runs were used. 
TABLE 11 
Catalyst Test Run Sequence 
Temperature Contact Feed ComEosition 
Run # (0 C) Time Chloropropene Aid Hater% 
1 350 0.0951 2.93 43.0 54.6 
2 350 0.395 2.94 40.9 56.1 
3 350 0 . 915 . 6.81 41.1 52.1 
4 350 0.308 4.99 40.3 55 . 2 
5 350 0.353 2.89 75.0 22.1 
6 425 0.353 2 . 94 40.9 56.2 
7 275 0.450 2.94 40.9 56.1 
Run 1 tests the affect of low contact times. Run 2 is 
the pivot point. Run 3 tests the long contact time. Run 4 
tests the effect of excess chloropropenes. Run 5 tests the 
effect of the steam to air ratio. Run 6 and 7 test the effect 
of high and low temperatures, respectively. Large variations 
in temperatures were chosen since the reactor varies ±lOoC 
during a run. Chloroacrolein samples were taken at 100 
seconds while air and chloropropene samples were taken at 
200 seconds into the run . 
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Effects of Catalyst Supports on Chloropropenes 
6- 16 mesh silica gel, 8-14 mesh alumina, and 1/8" 
alumina pellets were tested by the above procedure. The 
results are given in Table 12 . Carbonization was observed 
to occur on all suppprts. The conversions are given in the 
table and show that the chloropropene stability is in the 
following order: 2 chloropropene » l - cis- chloropropene > 
I-trans- chloropropene. This order of stability was observed 
in all tests of support materials and catalyst systems . 
Carbon dioxide was produced over all supports, with no 
correlation between yield and run conditions being evident 
except for a large production of CO 2 when excess air was 
introduced in the feed stream. Carbon monoxide was not 
produced over these supports . The support activity as shown 
by the chloropropene conversions and carbon dioxide forma-
tion was in the following order, alumina pellets> alumina 
granules> silica granules . 
Only one oxidation run at the pivot point was made with 
the chloropropenes in an empty reactor due to a lack of 
temperature control. The results are given in Table 14. 
The chloropropene stability order was similar to that found 
on the support materials, however the carbon dioxide produc-
tion was lower than observed over the support materials. 
TABLE 12 
Catalyst Support Test Run Data (Run Conditions from Table 11) 
• 
l-cis-Chloro- I -trans-Chloro- 2- Chloro-
Test Carbon propene propene propene 
Support Run Balance Conversion Conversion Conversion 
Silica Gel 1 6.~2 99 .7 99 . 7 95 . 9 
6-16 mesh 2 16.9 93.3 99.0 85.2 
3 7 · 53 9~ . II 99.1 98.9 
~ 7.1~ 96 . 6 98 . ~ 92 .~ 
5 31. 0 9~ . 'I 98.1 96 . 6 
6 9 . 60 98.7 98.7 97.7 
7 25.7 9~ . 5 97.2 91.6 
Test CO CO2 Carbon 
Support Run Conversion Yield Yield Yield 
Silica Gel 1 99 . 2 0 5.71 94 . 3 
6-16 mesh 2 97 . 0 0 14.33 85.7 
3 97 .~ 0 5.09 94.9 
~ 97.7 0 4 . 97 95.0 
5 96 .7 0 28.65 71.4 
6 98.7 0 8 . 38 91.6 
7 98 . ~ 1.27 22 . 36 76 . 3 
TABLE 12 continued 
Catalyst Support Test Run Data (Run Conditions from Table 11) 
l-cis- Chloro- l-trans-Chloro- 2- Chloro-
Test Carbon propene propene propene 
Support Run Balance Conversion Conversion Conversion 
Alumina 1 8 . 94 98.2 99.1 95 . 6 
Granules 2 15.6 99 · 3 99.6 98 . 9 
8-14 mesh 3 9.86 99.7 99 . 8 95.3 
4 8.98 99 . 0 99 . 5 95.3 
5 46.6 99 . 2 99 . 5 96.2 
6 11. 3 98.8 99.4 92 . 3 
7 13.8 100 100 99.0 
Test CO CO2 Carbon 
Support Run Conversion Yield Yield Yield 
Alumina 1 98.3 0 7.36 92 .7 
Granules 2 99.1 0 14.83 85 . 2 
8-14 mesh 3 99 . 1 0 8 . 99 91.0 
4 98.7 0 7.79 92.2 
5 98.9 0 46 . 01 54 . 0 
6 98.1 0 9.60 90.4 








TABLE 12 continued 
Catalyst Support Test Run Data (Run Conditions from Table 11) 
l - cis- Chloro- I-trans-Chloro- 2-Chloro-
Test Carbon propene propene propene 
Run Balance Conversion Conversion Conversion 
1 14.2 99.2 99.6 74.4 
2 12.0 99.2 99.5 95 . 1 
3 13.6 99 . 6 99.7 9B.o 
4 17.5 99 . 6 99 . B 9B.4 
5 25.4 99.1 99 · 5 96 . B 
6 B.31 99 .1 99.5 96.9 
7 6 . 91 9B . 6 99 . 3 96 . 6 
Test CO COi Carbon SU£Qort Run Conversion Yield Yied Yield 
l/B" 1 95 . 9 0 10 . 53 89 . 5 
Alumina 2 9B . B 0 10 .83 89 . 2 
Pellets 3 99 .4 0 13.08 86 . 9 
4 99 . 5 0 17.19 82 . 8 
5 99 . 0 0 24.5 75.5 
6 99.0 0 7. 39 92.6 











TABLE 12 continued 
Chloropropene Test Run in Empty Reactor 
Carbon 
Balance 































Effect of Catalysts on Chloropropene Oxidation 
All the catalysts were tested at the run conditions 
given in Table 13 with a 3% propene, 47% air, and 50% steam 
feed at a 1 . 5 second contact time. Each catalyst composi -
tion was tested for its oxidation activity by passing a 
propene reaction mixture through the system . In all cases 
acrolein and acrylic acid formation was observed. However, 
when the chloropropene mixture was substituted for the 
propene feed, no chloroacroleins or chloroacrylic acids were 
produced. 
Carbonization began to occur on all catalysts when the 
chloropropene feed was substituted for propene . Carbon 
monoxide production increased with temperature, excess air, 
excess chloropropenes, and with longer contact time. The 
severe carbonization obtained on the catalysts made activity 
comparisons impossible . 
TABLE 13 
Catalyst Test Run Data (Run Conditions from Table 11) 
l - cis- Chloro- I-trans-Chloro- 2- Chloro-
Test Carbon propene propene propene 
Catal~ Run Balance Conversion Conversion Conversion 
Co/Mo 317 1 26.9 99.4 99 . 7 98.8 
1/8" Alumina 2 l ll.3 99 . 2 97 . 6 99.1 
Pellets 3 12.3 100 100 80.2 
4 17.8 99.3 99 . 7 91. 7 
5 27 . 9 98.4 98.9 80 . 3 
6 23 . 9 99 . 9 99 . 9 78.4 
7 17.8 100 100 85 . 8 
Test CO CO2 Carbon 
Catal,yst Run Conversion Yield Yield Yield 
Co/Mo 3/7 1 96 . 0 0 23.BS 76 .1 
1/8" Alumina 2 94.9 0. 63 9 .0B 90.3 
Pellets 3 97 .1 2.S0 7.2B 90.2 
4 92 . 7 2.S4 B. B7 B8.6 
5 96 . 1 2.66 22 . 16 7S.1 
6 96 . 8 3 .66 17.77 78 .6 






Catalyst Run Balance 
CoMoO~ 1 6~.3 
8-1~ mesh 2 16.5 
Alumina 3 2~.7 













TABLE 13 continued 
Run Data (Run Conditions from Table 11) 
l - cis-Chloro- I-trans-Chloro- 2- Chloro-
propene propene propene 
Conversion Conversion Conversion 
97.9 100 98 . ~ 
99.8 100 99 . 0 
99 . 7 100 8~ . 9 
98.2 99.1 2 . 1 
99 . 2 100 8~ . 3 
99.3 100 89 . 8 
99.1 99 . 5 76 . ~ 
CO CO2 Carbon 
Conversion Yield Yield Yield 
99 . 8 21.14 43 . 09 35 . 8 
99.8 5 . 27 11. 02 83 .7 
98.5 4 . 96 18 . 58 76.4 
93 · 9 9.08 16 . 61 74 . 33 
97 . 5 15.28 31. 49 53 . 2 
98.3 9 . 53 19 . 94 70.5 




TABLE 13 continued 
Catalyst Test Run Data (Run Conditions from Table 11) 
l - cis-Chloro- I - trans- Chloro- 2- Chloro-
Test Carbon propene propene propene 
Catalyst Run Balance Conversion Conversion Conversion 
CoMo0 4 1 47.6 97.8 99 . 1 31.6 
6-16 mesh 2 21. 2 99.2 99.5 46.6 
Silica gel 3 15.8 98 . 3 99 . 0 56 . 6 4 28 . 0 97 .4 98.7 63 . 8 
5 25.1 100 100 46.4 
6 17. 3 99.8 100 66 . 3 
7 25 . 8 98 . 8 99 .4 32.8 
Test CO CO Carbon 
Catalyst Run Conversion Yield Yieid Yield 
CoMoO l l 1 90 .4 1.91 38.61 59.51 
6-16 mesh 2 92.5 2.75 11.46 85.8 
Silica gel 3 92 . 8 2 . 83 6 . 44 90.7 4 86 . 8 5 . 28 9 . 84 84 . 9 
5 92.4 2 . 42 16.56 81.1 
6 95 . 1 3 . 50 9.57 87 . 0 
7 89 . 8 0 17.37 82 . 6 
TABLE 13 continued 
Catalyst Test Run Data (Run Conditions from Table 11) • 
l-cis-Chloro- l-trans-Chloro- 2- Chloro-
Test Carbon propene propene propene 
Catalyst RUn Balance Conversion Conversion Conversion 
ArNbMo 1 27.4 99 . 9 100 94. 4 
1/8" Alumina 2 41. 6 99 .7 99.8 79.4 
Pellets 3 15 . 2 99 . 8 99 . 9 93 · 2 
4 31. 4 99.0 99.5 97 . 8 
5 181. 0 99 . 7 100 97 . 8 
6 17 . 3 100 100 99 . 7 
7 35.9 100 100 97.6 
Test 
, 
CO CO 2 Carbon 
Catalyst Run Conversion Yield Yield Yield 
ArNbMo 1 99.2 1.32 25.50 73.2 
1/8" Alumina 2 98.9 5.93 34.98 59.05 
Pellets 3 98 . 9 3.8 10.52 85 . 6 
4 98 . 2 8.09 22 . 10 69 . 9 
5 99 . 7 91.8 89.5 -81.2 
6 100 2 . 08 10.2 87 .7 
7 99.7 6 .85 18.76 74 .4 
TABLE 13 continued 
Catalyst Test Run Data (Run Conditions from Table 11) 
l-cis-Chloro- l-trans-Chloro- 2-Chloro-
Test Carbon propene propene propene 
Catal~ Run Balance Conversion Conversion Conversion 
MoFeTeRe 1 14.5 99 . 1 99 . 6 98 . 4 
-MoVGeMn 2 22.3 100 100 97.3 
3 23.7 99 . 5 99 . 7 87.8 
4 16.5 98.7 99.3 89.2 
5 28 . 5 98.5 99.2 60.1 
6 23 . 5 99.1 99.6 32 . 9 
7 17.5 98.5 99 . 3 29.7 
Test CO COf Carbon Catal~ Run Conversion Yield Yie d Yield 
MoFeTeRe 1 99.8 0 13 . 33 86.7 
-MoVGeMn 2 99.6 0 21.99 78.0 
3 97.9 1.94 20 . 22 77 .8 
4 97.4 3.37 10.88 85.7 
5 93.4 4 . 38 19.06 76.6 
6 90.0 4.59 10.41 85.0 




TABLE 13 continued 
Catalyst Test Run Data (Run Conditions from Table 11) 
l-cis- Chloro- l - trans - Chloro- 2-Chloro-
Test Carbon propene propene propene 
Catal~ Run Balance Conversion Conversion Conversion 
CoMoTe 1 55.1 40 . 7 70 . 2 - 34 .4 
6- 16 mesh 2 15.0 98.7 99.3 55.2 
Silica gel 3 8 .1 98 . 6 99.3 88.5 
4 7 . 83 94 . 5 96.9 89.6 
5 11.9 99.1 99.6 98 . 4 
6 3 . 57 100 100 100 
7 8.3 100 100 100 
Test CO CO2 Carbon 
Catalyst Run -- Conversion Yield Yield Yield 
CoMoTe 1 45.6 0 1.89 98.0 
6-16 mesh 2 92.6 0 8.48 91.4 
Silica gel 3 99.2 0.41 6.92 92.6 
4 98.4 loll 5 . 18 93.7 
5 88 . 1 0 12.71 87 . 3 
6 100 0 3.57 96.4 
7 100 1.09 7.27 91.6 
• 
"" "" 
TABLE 13 continued 
Catalyst Test Run Data (Run Conditions from Table 11) 
l - cis-Ch1oro- I - trans - Chloro- 2- Chloro-
Test Carbon propene propene propene 
Cata1..:st Run Balance Conversion Conversion Conversion 
CoMoBi 1 30.9 94.4 96 .4 87.9 
1/8" Alumina 2 12.1 98.8 99 .4 92.0 
Pellets 3 5.5 99.9 100 88.8 
4 9.14 98.5 99.3 86.8 
5 9 . 49 99.8 100 90 . 9 
6 4.89 100 100 96 . 7 
7 7.07 100 100 97.5 
Test CO CO2 Carbon 
Catal~ Run Conversion Yield Yield Yield 
CoMoBi 1 94 . 5 0.13 26.8 73.1 
1/8" Alumina 2 98 . 2 0.24 10 . 3 89 .5 
Pellets 3 98 . 4 0.39 3 . 62 96 .0 
4 97 . 5 0.24 6.01 93 .7 
5 99 . 1 a 8 .70 91.3 
6 99 . 5 1.02 3.42 95.6 






The experiments performed on the chloropropene 
oxidation process yield the following conclusions . 
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1 . None of the catalyst systems tested was found 
suitable for the vapor phase oxidation of chloropropenes to 
chloroacrylic acids . 
2. Oxidation over the metal catalysts produced from 
0- 10% CO and 5 -4~~ CO2 , 
3. 0% CO and 5- 15% CO2 were obtained in the reaction 
products with the alumina and silica support material . 
4. Attempts to limit the complete oxidation of the 
chloropropenes were not successful . 
5. Severe carbonization of the support materials 
occurs with and without the metal catalysts despite attempts 
to minimize the decomposition of reactants and products. 
6. Above 200·C and 0 . 1 sec contact time the 
chloroacrylic acids wer e shown to be unstable . 
7. Chloropropenes wer e shown to be unstable at 300 C 
and 0.1 second contact time in an empty reactor tube . 
S. It is apparent from this study that products 
produced from the vapor phase oxidation of chlorocarbons 
are different than those obtained from hydrocarbon oxidation. 
Therefore , the large volume of literature on vapor phase 
oxidation of hydrocarbons cannot be directly translated to 
the chlorocarbons . 
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APPENDIX A 
Thermodynamic Study of Chloropropene Oxidation Process 
For a constant pressure reaction at atmospheric 
pressure, ignoring the < 1% CO 2 in the air , a brief thermo-
dynamic study can be made of the chloropropene oxidation 
process . This study will only analyze the chloropropene 
oxidation to the chloroacroleins and chloroacrylic acids. 
The stereo-chemical distinctions between the compounds will 
be ignored due to a lack of thermodynamic data in the 
literature. 
The following thermodynamic relations can be stated 
o 
6C + C1 2 + O2 
+ 3H
2
-7 2CH2=yCH Cl 
By subtacting Eq. (3) from Eq. (1) , Eq . (4) is obtained . 
o 
+ 2CH =C~H 
2 b 
Subtracting Eq . (3) from Eq. (2) gives Eq . (5). 
o 0 
II 11 
2CH 2 = CCH ~2CH =CCOH 61 2 (;1 








Adding Eqs. (4) and (6) gives Eq. (7). 
o 















(pCH2 = CCOH) 
Cl 





The Gibbs free energy of reaction aGp can be calculated from 
the individual aG ' s of the compounds. Kp can be evaluated 
at the higher temperatures to find the equilibrium con centra-
tion of chloroacroleins and chloroacrylic acids at 
equilibrium . 
At one atmosphere, the partial pressure is equal to 
moles when a basis of one mole of feed is used. The Kp 
expressions can then be expressed in terms of moles . In 
Table 14, c moles of chloropropenes are present initially . 
At equilibrium x moles of chloropropenes will react leaving 
Table 14 
Initial and Equi l i brium Concentrations of Components 
in the Chloropropene Oxidation 
Chloro-
Chloro- Chloro- acrylic 
Compounds Oxygen Nitrogen propene acrolein acid 
Mo l es Initial a b c 0 0 
Moles Final 1 a- x- 2z b c- x x- z z 
Total Moles a + b + c + d - 1 - z 2 
a - The total moles of oxygen in feed . 
b - The moles of nitrogen i n feed . 
c - The mole s of chloropropene in feed . 
d - The moles of water fed . 
x - The moles of chloropropene reacted . 
a - The moles of chloroacrylic acid formed . 





chlor oacrolein and chloroacrylic acid have 
formed according to Eqs .(6) and (8). 
c - x - The moles of chloropropene remaining after 
react i on . 
x- z - The moles of chlor oacrol ein produced . 
d+x - The moles of hydrogen produced from the 
reaction plus the amount fed. 
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c- x moles of unreacted chloropropene . The x moles of reacted 
chloropropenes will exist as x-z moles of chloroacrolein and 
z moles of chloroacrylic acid. In the production of chloro-
acrylic acid z moles of water will be produced. The z moles 
of water will increase the moles of water from d moles fed 
to d+x moles . Tl·~ moles of oxygen pr ese:1t initially is a . At 
equilibrium x moles of oxygen will be used to form chloro-
acrolein, and moles will be used to form chloroacrylic 
acid in accordance with Eq •. (7) and (5) , respectively, 
1 leaving a-x- 2z moles of oxygen. The total moles of com-
1 pounds produced will be a+b+c+d- ~. 
The moles of each component at equilibrium can then be 
substituted in the equilibrium expressions . For Eq . (8) , the 
expression 1s 
Kp= 










2 I d+x \2 
\a+b+c+d- zJ 
( 







2 (x+z) 2 (x+d) 
1.. 2 (a- x - -,z) 
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(14) 
A good approximation of the G I S of formation of the 
chlorocompounds can be made by using the method of partial 
bonds . The partial bond method according to Bensonll is 
accurate to within 3% for most compounds . The G calcu l a-
tion for chloropropene is given in Table 15 . 
TABLE 15 










- 7. 66 
6.7 
6G = - 16 . 4 kcal/mole 
SOC cal ) 
moleoK 
21. 2 





Cl- Cd - Chlorine to carbon double bond. 
H-Cd - Hydrogen to carbon double bond. 
H- C - Hydrogen to carbon single bond . 
C ( cal) 
P moleoK 
5.7 
5 . 2 
5.22 
2 . 6 
18 . 72 
C-Cd - Single bonded carbon to carbon double bond. 
52 
The partial bond values are those given by Benson. 12 The 
2-chloropropene molecules need an entropy correction due 
to the internal rotation of the CH3- group which has a three-
fold axis. This correction is made by subtracting R(in oj 
from the rotational entropy . a is the symmetry number and 
is defined as the number of independent permutations of 
identical atoms or groups in a molecule that can be obtained 
by rotating the entire molecule . cr can also be expressed as 
For the 1-the product of 0ext and Oint or a = 
and 2- chloropropenes 0ext = 4 and Oint = 3 due to the three -
fold rotation of the methyl group internally . Hence, aT 
= 1 x 3 - 3 . The entropy correction is then -R(in 3Jor - 2 . 2 
kcal/mole. 
The 6G calculation for the chloroacroleins is given in 
Table 16 . 
rABLE 16 




2(H- Cd) 6 . 4 
Cl- Cd - 0.7 
C- Cd 6 . 7 
> COH - 13·9 
Total - 1·5 
p 
= g~ ~H 
SoC cal) 
molel:lK 





C ( cal) 
p moleoK 
5 . 2 
5.7 
2 . 6 
4 . 2 
17.7 
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6G = - 19.8 kcal / mole . 
> COH - Aldehyde group . 
There is no symmetry i n the chloroacrolei ns or chloroacrylic 
acids ; therefore no entropy corr ections are needed . 
The 6G calculation for ch loroacrylic acids is given in 
Table 17 . 
TABLE 17 




C- Cd 6 . 7 
C > 0 - 50.5 
O- H - 27.0 
Cl- C - 7.4 
2 (H- Cd) 6 . 4 
Total - 71 . 8 
6G = - 92 . 2 kcal/mole. 
C > 0 = Carbonyl Group . 
,9 
= C - C- OH 
Cl 
so ( cal) 
mole!5K 
- 14 . 3 
7 . 8 
24 . 0 
21. 2 
27 . 6 
68 . 3 
C ( cal) 
p mole"K 
2 . 6 
2 . 2 
2 . 7 
5 . 7 
5 . 2 
18 . 4 
The 6G ' s of the reactions at 298°K can be calculated 
from this data by 




for reaction 7 and 5 giving the 6G ' s in Table 19 , when using 








SoC cal ) 
mole!!iK 
C (cal ) 
p mole!5K 
°2 ° 49 . 0 7.0 
H2O - 57 . S 45 . 1 S.O 
TABLE 19 
6G for the Formation of Chloroacrolein and 
Chloroacrylic Acids, Through Eqs . (5) and (7)(29S0K) 
02+2CH2 = c~~ 2CH 2 = C~OH Cl Cl 





6So = Rx 
6CPRx = 
ll.GRx = 
35 . 0 cal/moleoK 
5 . 6 cal/moleoK 
- 130 . 2 kcal/mole 
- 12S.0 kcal/mole 
27.2 cal/moleoK 
0 . 04 cal/moleoK 
- 119.9 kcal/mole 
The data in Table 6 can be used in Eq . (16)13 to 
calculate 6GRx at any temperature . It is assumed that 6HRx 
and CPRx do not change greatly with temperature which allows 




G = Gibbs free energy at higher temperature. 
GO = Gi bbs free energy at standar d temperature. 
HO = Enthalpy at standard temperature 
T = Reaction temperature 
TO = Standard temperature (2980K) 
R = Gas con stan t 
CpO= Heat capacity 
6.G = (17) 
The following relations for G with respect to 
Rx 
temperature are obtai ned for Eq . (5) and (7) ·. 
AGRx = - 138 . 9 2.6 x 10-3 T + 5 . 6 x 10-
3 TInT (18) 
AGRx = - 128 . 0 + 2 . 69 x 10-
2
T + 4 x 10-
5 
TInT ( 19) 
From G = - RT In Kp we have for the r eactions 5 and 7 , 
G as a function of temperature . 
liGRx 2.6 x 10-
3T 
- 3 
= - 138 . 9 - + 5.6 x 10 TInT = - RTIn 
((a+b+C+d- !:iZ) (Z)22) (20) 
(a-x- !:zz) (x- z) 
- 2 - 5 
flG
Rx 
= - 128 . 0 + 2.69 x 10 T + 4 x 10 TInT = - RTIn ex+Z)2 2 
J 
(x+d) (21) 
(c- x) 2 (a- x - !:zz)L 
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Typical values of 6G and Kp are calculated and listed 
in Table 20. 
TABLE 20 
Values of 6G for Reaction 7 and 5 at Different Temperatures 
Reaction 5 7 






25°C 298°K -130.2 2.24 x 1095 - 119.9 6.42 x 10 87 
200 473 -123.8 1. 32 x 1057 -115.2 1. 42 x 10 53 
300 573 -120.0 5.06 x 10
45 - 112.4 6 . 45 x 10 42 
400 673 - 1l6.1 4.45 x 10 37 - 109.7 3.74 x 1035 
500 773 - 112.1 4.45 x 1031 - 107.0 1. 62 x 1030 
600 873 -1 08 .1 1.06 x 10 27 -104.0 1.18 x 10 26 
The vapor phase oxidation of the chloropropenes is 
thermodynamically favored. Since Eq. (21) is quartic in x 
and Eq. (22) is cubic in z many roots exist for these two 
equations solved simultaneously. If one root is found, it 
does not follow that the root is unique and a solution to 
the physical process . 
The data in Table 21 favor the formation of carbon 




Values of 6G for Carbonization Side 









CH2 = CCIl--/o 3C+H2O+HCl 
- 78 . 4 32 . 5 - 88 . 1 
Cl 
CH2 = c80H-7 2C+CO+HC1+H2O - 34 . 5 71. 3 - 55 . 7 Cl 
CH2 = CCH3+O ~ 2H2O+HC1+3C 
- 142 . 4 18 . 9 - 148.0 
Cl 2 
C 0 1. 372 
CO - 26 . 4 47 . 2 
CO 2 - 94 . 1 51.1 
HC1(g) - 22 . 1 44 . 6 
H2 0 34 . 6 
The formation and decomposition of the chlorocompounds are 
both thermodynamical ly favored . 
APPENDIX B 
Problems in Determining Ki!1etic Constants 
in the Chloropropene Oxidation Process 
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Determining kinetic data for the chloropropene oxidation 
process is complicated by the numerous reactions which can 
occur as shown below. 
Kl K2 
Chloropropenes .. Chloroacroleins .. Chloroacrylic 
Acid 
,.~ lK5 /' K6 
Illustration 3 





- K6 include the successive degradations through the 
intermediate to COx and HC1 . Many side reactions such as 
hydro cracking dehydrohalogenation, cross interactions, poly -
merlzatlons, and rearrangements , to name just a few types of 
reactions could also occur in the vapor phase or on the 
catalyst surface . 
The secondary reactions are important in the detailed 
study of the reaction mechanism. These mechanistic studies, 
while potentially useful, would be too time consuming and 
59 
expensive . Determining Kl through K7 experimentally would 
be difficult, and would have to be done experimentally for 
each isomer of each chlorocompound. In essence it would be 
necessary to evaluate 21 kinetic constants at different 
conditions of pressure, temperature , etc . Determining these 
kinetic constants experimentally would be complicated by the 
fact that polymerizations of the various components with 
each other CQuld occur along with rearrangements . A more 
practical alternative to determining the kinetic constants 
is given in the Results and Discussion sect ion . 
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